Abstract. Endometriosis (EMS) is a female hormonedependent disease with controversial reports of its etiology and pathogenesis. Apoptosis is particularly important in the human endometrium due to the dynamic cycles of proliferation and shedding. Estrogen possessed antiapoptotic effects on endometrial stromal cells (ESCs), which appears to be exacerbated in women with EMS; however, the underlying mechanism of the antiapoptotic effects of estrogen on ESC remains unknown. The present study aimed to determine whether estrogen regulates the apoptosis of ESCs via thymic stromal lymphopoietin (TSLP) and the associated mechanism. An ELISA was conducted to detect TSLP content in the ESC culture medium treated with estrogen. Subsequently, the early apoptotic rate and expression of B-cell lymphoma (Bcl-2) of ESCs were analyzed by flow cytometry in the presence of recombinant human TSLP, anti-human TSLP neutralizing antibody or estrogen. In the present study, it was reported that ESCs exhibited basal TSLP secretion in the absence of estrogen as reported in previous studies, and that estrogen promoted TSLP secretion of ESCs in a dose-dependent manner. The results demonstrated that estrogen suppressed the apoptosis of ESCs associated with the promotion of Bcl-2 expression, which may be partly reversed by inhibiting TSLP. Therefore, the findings of the present study revealed a novel mechanism of estrogen-dependent apoptotic suppression of ESCs associated with TSLP secretion and Bcl-2 regulation. Endogenous and estrogen-induced endometrial TSLP may promote the initiation and development of EMS via the inhibition of apoptosis.
Introduction
Endometriosis (EMS), a chronic inflammatory disease among women of reproductive age (age, 15-49 years old), is defined as the presence of endometrial-like tissues outside the uterus (1) . The theory of retrograde menstruation suggests that shed endometrial fragments may pass back into the peritoneal cavity via the fallopian tubes, initiating the formation of endometriotic lesions (2) .
In the human endometrium, apoptosis is particularly important due to the dynamic cycles of shedding and proliferation (3); ectopic endometrial cells have been reported to exhibit abnormal proliferative and apoptotic regulation in response to appropriate stimuli (4) . At present, the reduced susceptibility of endometriotic epithelial and stromal cells to apoptosis has Estrogen restricts the apoptosis of endometrial stromal cells by promoting TSLP secretion been considered to contribute to the pathogenesis of EMS (5) . Apoptosis in the eutopic endometrium of women with EMS and endometriotic lesions was observed to be lower than that of the the normal endometrium of women without EMS (5) . It has been well reported that EMS is a hormone-responsive disease associated with increased estrogen production and resistance against the progesterone-based response (6, 7) . Increased expression levels of estrogen receptors (ER) α and β have been observed in ectopic tissue compared with in normal and eutopic endometrium (8) . In addition, increased estrogen availability in EMS was reported to lead to notable protein kinase activation and apoptosis inhibition (9) .
Thymic stromal lymphopoietin (TSLP) is produced by stromal cells, epithelial cells, fibroblasts, basophils, keratinocytes and other cells types (10, 11) . TSLP was reported to stimulate the growth and activation of B cells; however, analysis has demonstrated that TSLP affects the hematopoietic and non-hematopoietic cell lineages (12) ; endometrial stromal cells (ESCs) can synthesize and secrete TSLP (13) . Additionally, interleukin (IL)-1β was reported to increase the expression of TSLP mRNA and secretion within ESCs, which can be promoted by IL-4 (13). Our previous study revealed that estrogen can increase the production of TSLP in ESCs in a dose-dependent manner, and that ESC-derived and exogenous TSLP can activate the secretion of ESC-associated growth-promoting cytokines (monocyte chemotactic protein-1 and IL-8) and promote the viability and proliferation of ESCs (14) .
The mechanism underlying the inhibition of apoptosis mediated by estrogen in EMS is not completely clear; whether estrogen regulates the apoptosis of ESCs by modulating the expression of TSLP requires further investigation. Therefore, the present study aimed to investigate the effects of the estrogen-TSLP axis on the inhibition of EMS-associated apoptosis.
Materials and methods
Tissues. To study how estrogen regulates the apoptosis of ESCs in EMS, we collected ectopic endometrium from subjects with EMS and obtained ectopic ESCs from hyperoestrogenic environment rather than normal ESCs from women without EMS. They may have distinctive characteristics. Participants were women attending the Obstetrics and Gynecology Hospital of Fudan University between May and December 2017. Ectopic endometrial tissues were obtained from fertile women (age, 21-46 years old) with ovarian (n=25) and pelvic (n=5) EMS. Clinical suspicion of endometriosis was based upon patient symptoms including dysmenorrhea, deep dyspareunia, chronic pelvic pain, infertility and cyclical alterations in bowel and urinary habits occurring only during menstruation. After physical examination, patients were subjected to transvaginal ultrasound or MRI. According to the suspicion of the presence of deep infiltrating lesions or if the patient had persistent pain or infertility, a surgical laparoscopic procedure was indicated. During laparoscopy, biopsies from ectopic lesions were obtained from each patient. Based on histopathology and medical records, patients with endometrioma (OMA), superficial peritoneal endometriosis (SPE), and deep infiltrating endometriosis (DIE) were included, however, adenomyosis or pelvic inflammatory disease (PID) related infertility were excluded. All samples were obtained in the proliferative phase of the endometrial cycle, which were confirmed histologically according to established criteria (15, 16 2 at 37˚C. The controls were treated with 0.1% dimethyl sulfoxide (DMSO; Sigma-Aldrich; Merck KGaA). After 48 h of culture, the culture supernatant was harvested via centrifugation at 150 x g at 4˚C for 8 min to remove cellular debris, and stored at -80˚C. Then an ELISA (cat. no. DTSLP0; R&D Systems Europe, Ltd., Abingdon, UK) was conducted according to the manufacturer's protocol to determine the expression of TSLP in the supernatant of the samples.
Treatment of ESCs.
ESCs were cultured in 24-well plates at 1x10 5 cells/well and treated with various concentrations of recombinant human TSLP (rhTSLP; 1, 10 or 100 ng/ml; cat. no. 1938-TS, R&D Systems Europe, Ltd.) for 48 h; the control group was treated with 0.1% PBS. ESCs in TSLP-treated group or control group were cultured in DMEM/F-12 containing 10% fetal bovine serum (FBS; Sigma-Aldrich; Merck KGaA) and incubated in a humidified incubator with 5% CO 2 at 37˚C for 48 h.
In addition, ESCs under the same culture conditions were treated with E 2 (10 -7 M) alone, anti-human TSLP neutralizing antibody (αTSLP; 0.25 µg/ml; cat. no. AF1398, R&D Systems Europe, Ltd.) alone or E 2 and αTSLP for 48 h at 37˚C with 5% CO 2 . The concentration of E 2 was 10 -7 for a better stimulation of TSLP secretion of ESCs (Fig. 1) . The controls were treated with 0.1% DMSO for 48 h at 37˚C with 5% CO 2 . The ESC groups were employed for apoptosis analysis and flow cytometry (FCM) as described below.
Apoptosis analysis. Apoptotic cell death was detected via Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining using the apoptosis kit (Annexin V FITC Apop Dtec kit, BD Biosciences, Franklin Lakes, NJ, USA). ESCs (1x10 5 cells) from the various cultures were trypsinized using 0.25% Trypsin (1x, Phenol Red; no EDTA; Gibco, Grand Island, New York, NY, USA) for 3 min at 37˚C with 5% CO 2 and collected, washed and resuspended in 300 µl binding buffer included in the apoptosis kit, followed by incubation with 5 µl Annexin V-FITC and 2.5 µl PI at room temperature for 15 min in the dark. Then, 200 µl binding buffer was added and the cell samples were analyzed with a Beckman CyAn flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) using Becton Dickinson CellQuest software (version 7. Statistical analysis. All data were analyzed via one-way analysis of variance, followed by a Tukey post-hoc test for the comparison of multiple groups using SPSS software, version 11.5 (SPSS, Inc., Chicago, IL, USA). Each experiment was conducted three times and results are presented as the mean ± standard error. P<0.05 was considered to indicate a statistically significant difference.
Results

Estrogen promotes TSLP secretion of ESCs.
Following 48 h of incubation, the concentration of TSLP in the ESC culture supernatant was significantly higher with increased concentrations of E 2 (10 -9 , 10 -8 or 10 -7 M) ( Fig. 1 ) compared with in the control group. ESCs obtained from the ectopic lesions from patients with EMS exhibited basal secretion levels of TSLP as >20 pg/ml TSLP was detected in the control group (treated with 0.1% DMSO), which was consistent with previous studies (13, 14) . Treatment with 10 -9 M E 2 resulted in a significant increase of TSLP secretion (P<0.05); upon administration of 10 -8 and 10 -7 M E 2 , the concentration of TSLP in the supernatant was increased by ~2-fold compared with in the control (P<0.001) (Fig. 1) . The results suggested that estrogen promoted TSLP secretion of ESCs in a dose-dependent manner.
TSLP inhibits the apoptosis of ESCs. In order to investigate the how TSLP affects the apoptosis of ESCs, increasing concentrations of rhTSLP was applied to ESCs in vitro obtained from the ectopic lesions of patients with EMS. After 48 h following treatment, ESCs were obtained for FCM analysis to detect the rate of apoptosis. The administration of rhTSLP resulted in decreases in the number of apoptotic ESCs (Fig. 2A) . Analysis of the early apoptotic rate demonstrated that 1 ng/ml rhTSLP significantly reduced the early apoptotic rate (P<0.05); however, highly significant reductions in apoptosis were reported in response to 10 and 100 ng/ml (rhTSLP (P<0.01; P<0.001) (Fig. 2B) . These results suggested that exogenous TSLP could inhibit the apoptosis of ESCs in vitro.
TSLP increases the number of Bcl-2 + ESCs. Following the treatment ESCs with rhTSLP for 48 h, cells expressing the antiapoptotic protein Bcl-2, and two apoptosis-associated markers, Fas and FasL were detected by FCM. As the concentration of TSLP increased, the proportion of Bcl-2 + ESCs also increased (Fig. 3A) ; a significant difference was observed in response to treatment of the highest concentration (100 ng/ml) of rhTSLP compared with the control group (P<0.05) (Fig. 3B) . On the contrary, the number of Bcl-2 + ESCs was significantly reduced when αTSLP was applied to neutralize TSLP in the culture system compared with in the control (P<0.01). The 100 ng/ml rhTSLP treatment group exhibited a significantly decreased number of FasL + ESCs (P<0.01); however, no significance was observed in Fas + ESCs between these groups (Fig. 3C ). Additionally, applying αTSLP did not exhibit notable effects on the number of Fas + and FasL + ESCs (Fig. 3C) . These results indicated that TSLP might inhibit ESC apoptosis probably by promoting Bcl-2 expression in ESCs rather than via the Fas/FasL pathway.
Estrogen increases the number of Bcl-2
+ ESCs by inducing the secretion of TSLP. Following treatment with E 2 (10 -7 M) and/or αTSLP for 48 h, ESCs were obtained for FCM analysis to detect the expression of Bcl-2. As presented in Fig. 4 , E 2 induced a significant increase in the number of Bcl-2 + ESCs compared with in the control (P<0.05). This effect was notably inhibited when ESCs were incubated with αTSLP within the E 2 treatment system; however, no significant difference was reported compared with in the control and E 2 treatment groups. As aforementioned, applying αTSLP to the ESC culture system significantly suppressed the number of Bcl-2 + ESC (Fig. 3B) ; however, in the presence of E 2 , the inhibitory effects of αTSLP were significantly reversed (P<0.05) (Fig. 4) . The results suggested that estrogen could promote TSLP secretion in ESCs, resulting in an increase of Bcl-2 expression and inhibition of ESC apoptosis.
Estrogen-TSLP suppresses the apoptosis of ESCs.
To investigate the effect of estrogen and TSLP on the early apoptotic rate of ESCs, cells treated with E 2 and/or αTSLP were obtained for FCM analysis (Fig. 5A) . Treatment with exogenous E 2 led to a significant decrease in the apoptotic rate of ESCs (P<0.05) and neutralized TSLP resulted in a significantly increased apoptotic rate compared with in the control (P<0.001) (Fig. 5B) . In the E 2 and αTSLP combined treatment group, the apoptotic rate was significantly reduced compared with in the αTSLP group (P<0.001) (Fig. 5B) , but notably increased compared with in the E 2 group. This suggested that the respective antiapoptotic and proapoptotic effects of E 2 and αTSLP were reduced when combined.
Discussion
Accumulating studies have reported the importance of eutopic endometrium dysfunction in the pathogenesis of EMS (14, (18) (19) (20) (21) . According to the implantation theory, intrinsic factors of the eutopic endometrium in women with EMS, including aberrantly produced cytokines, growth factors and specific cancer-associated molecules, may be transported to the endometriotic implants and contribute to abnormal cell survival in ectopic tissues (14, 18, 19) . In the eutopic endometrium of women with EMS, the physiological increase in the apoptotic rate in the late secretory phase was not observed, indicating that the imbalance of apoptosis and proliferation may contribute to the implanting of the eutopic endometrium and the survival of the ectopic endometrium (22) . In the present study, the apoptosis of eutopic endometrium in the presence of a specific estrogen at high concentrations was investigated to determine the essential role of eutopic endometrium in the occurrence and development of EMS.
Estrogen induces the development of the ectopic endometrium and induce alterations in estrogen signaling (23) . The expression levels of ERα and ERβ of the ectopic endometrial tissues differ to that of eutopic tissues, which possess markedly higher expression levels of ERβ (23, 24) . Via the exogenous addition of estrogen to the ectopic ESC culture system, estrogen was reported to suppress the apoptosis of ESCs, which was associated with promotion of Bcl-2 expression in the present study. As the gene of a typical apoptosis-associated molecule, Bcl-2 may be considered as a novel proto-oncogene that inhibits cell death by regulating mitochondrial membrane function (25) . Upregulated Bcl-2 protein expression has been observed in ESCs of ovarian EMS compared with eutopic ESCs from women with and without EMS (26) .
TSLP is a cytokine with structural and functional similarities to members of the hematopoietin family (10) . The functional and high affinity TSLP receptor (TSLPR) complex is a heterodimer of TSLPRα and IL-7 receptor-α (27, 28) . TSLP has previously been reported as a contributory factor to a variety of cancers, including pancreatic and breast cancers, which have been associated with Th2-related chronic inflammation (29, 30) . Consistent with previous studies (13, 14) , the present study demonstrated that ESCs from patients with EMS possess basal TSLP secretion levels in the absence of estrogen. The limitation for the present study is the lack of analysis of TSLP secretion by ESCs from the control without EMS. Here, it was demonstrated that TSLP secretion was promoted in a dose-dependent manner in response to estrogen treatment. Additionally, TSLP was reported to the affect the mitochondria-dependent intrinsic apoptosis pathway (31) . It has been demonstrated that TSLP promotes lymphocyte survival, which was accompanied with increased Bcl-2 expression (32, 33) . In ESCs, rhTSLP was observed to decrease the apoptotic rate and promote Bcl-2 expression within ESCs in the present study. Inhibition of TSLP via a TSLP neutralizing antibody revealed that the apoptotic rate of ESCs increased and the number of Bcl-2 + ESCs decreased; however, that of Fas/FasL + ESCs were notably unaltered in the present study. This suggested that endogenous TSLP may regulate ESC apoptosis in an autocrine manner associated with Bcl-2, but not Fas/FasL (Fig. 6) . Therefore, these results indicate that endogenous and exogenous TSLP may inhibit ESC apoptosis by upregulating the expression of Bcl-2.
In the present study, E 2 inhibited the apoptosis of ESCs mainly by upregulating the anti-apoptosis protein Bcl-2. When TSLP was neutralized in the presence of estrogen, upregulated Bcl-2 and the reduced apoptotic rate induced by estrogen were partly reversed; however, αTSLP did not fully promote the antiapoptotic and pro-Bcl-2 effects of estrogen. This suggested that TSLP secretion may be one of the mechanisms underlying estrogen-inhibited ESC apoptosis. Other signaling pathways may affect ESC apoptosis; however, further investigation is required. The antiapoptotic effects of estrogen are conducted via numerous pathways involving nuclear and extranuclear ER signaling (9) . For instance, the activation of extranuclear kinases by the estrogen-ER complex was reported to lead to a rapid non-genomic signaling cascade, resulting in apoptosis inhibition (9) .
In conclusion, the present study revealed a novel estrogen-dependent mechanism underlying the suppression of ESCs apoptosis associated with TSLP secretion and Bcl-2 regulation. In addition, endogenous and estrogen-induced production of endometrial TSLP may promote the initiate and development of EMS via apoptosis inhibition. From the present study, estrogen-TSLP axis may be a new therapeutic target for EMS. This study provides evidence that blocking this pathway may promote ESC apoptosis in treating EMS, but this needs to be investigated further.
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